Abstract. The purpose of this study is to analyze two-dimensional rectangular porous radiant burners in order to investigate the thermal characteristics of this type of burners in starting time period. Since the solid and gas phases are not in thermal equilibrium, two separate energy equations for these two phases are solved numerically with alternative direction implicit scheme. The gas is considered non-radiative medium, and for computation of radiative heat ux through the solid phase, the Radiative Transfer Equation (RTE) is employed and solved using the Discrete Ordinates Method (DOM). It is obtained that, due to the dominant radiation e ects, the required time to reach the steady gas temperature is very low. Furthermore, the e ects of optical thickness and scattering albedo on the performance of Porous Radiant Burner (PRB) are investigated.
Introduction
Nowadays, using devices that utilize more e cient combustion technologies is of particular interest to industries. Using porous materials in the structure of burners makes air-fuel mixing better and eliminates hot spots, leading to more e cient combustion with lower pollutants [1] . Combustion in porous media has further advantages compared to conventional combustion devices, such as high radiant output, high ame speed, high power density, and high combustion e ciency.
Porous Radiant Burners (PRBs) through conduction and radiation heat transfer in solid phase can recirculate heat from combustion zone toward the entrance section where air-fuel mixture enters the burner. In the ame upstream, solid-to-gas convection heat transfer preheats the reactants which results in increasing ame speeds and higher local combustion temperatures without getting high temperature at the burner exit, which reduces NOx formation.
In the last decades, many numerical studies and experimental investigations have been done on the combustion of porous media [1] [2] [3] [4] [5] [6] . In order to optimize the combustion process, Brenner et al. [7] studied a 2-D pseudo homogeneous porous burner in 2000. They did not consider any radiation model, such that the radiative part has been a ected by the experimental value of the e ective thermal conductivity.
Talukdar et al. [8] examined a two-dimensional porous radiant burner with the detailed radiation model. Both transient and steady state characteristics were studied; however, in the transient condition, only the results of increasing time on the convective ux, radiative ux, gas conductive ux, and solid conductive ux were presented. They did not show the temperature distributions of gas and solid phases at di erent time steps. In addition, the transient behavior from the beginning of the system operation up to the steady state was not represented. Lari and Gandjalikhan Nassab [9] analyzed a one-dimensional porous burner in the transient state. In their work, the coupled energy equations for the gas and the porous medium and also the radiative transfer equation based on the two-ux method were solved numerically. Moreover, the e ects of some parameters on the performance of porous radiant burner were investigated. Farzaneh et al. [10] simulated a two-dimensional porous burner in a steady condition. They solved numerically the Navier-Stokes, energy, and chemical species transport equations. The sensitivity of ame front and heat transfer characteristics to some factors was assessed. They concluded that any perturbation in heat transfer properties in uences the temperature di erence between the gas and solid phases and, consequently, the volumetric heat transfer between two phases.
Keshtkar and Gandjalikhan Nassab [11] studied a two-dimensional rectangular porous radiant burner in a steady condition. The gas phase was considered transparent to radiation, but the porous medium was considered to absorb, emit, and isotropically scatter radiation. They conclude that layers with large optical thickness and lower scattering albedo have high values of radiant output. In a study done by the second and third authors [12] , the uid ow in a 2-D porous heat recovery system was simulated using lattice Boltzmann method, and thermal analysis was performed by solving the governing equations of solid and gas phases. In this study, momentum and heat transfer equations were solved separately, and no temperature variation was taken into account in the uid ow simulations. In addition, no considerable e ect was observed on simulations due to considering real uid ow in contrast to plug ow.
A useful method that is used to predict the thermal behavior of the porous radiant burners is an asymptotic analysis under simplifying assumptions. This analysis provides a practical tool for qualitative prediction of porous burner characteristics. This model successfully predicts the operational features of porous burners, such as ame location and radiant e ciency. Chandra and Nakamura [13] considered one-dimensional mathematical model for combustion of solid fuel over the porous medium. A two-temperature model with two energy equations for the gas and porous medium was employed to determine the e ects of the thermal non-equilibrium between two phases. They used large activation-energy asymptotic to solve the problem. They conclude that an increase of porosity of the porous medium, thermal conductivity of porous medium, and gas ow velocity increases the moving speed of the burning front. They showed that the asymptotic simulation gives good agreement with the numerical simulation.
In the previous literature, only a few studies have been focused on the transient behavior of porous radiant burners and most of them used a simple twoux radiation model in radiation computations. In the present work, transient characteristics of a twodimensional rectangular porous burner are numerically studied. The solid and gas phases are considered to be in non-local thermal equilibrium. Three modes of heat transfer take place simultaneously in the solid phase, while in the gas phase, only conduction and convection are considered, and the gas is considered to be transparent to radiation. Plug ow assumption is also considered. The governing equations, which are two energy equations for the gas and solid phases and also the radiative energy equation for the solid phase, are solved numerically and simultaneously to determine the thermal behavior of the system. Therefore, the porous matrix is assumed to be an emitting, absorbing, and scattering medium, and a good radiation model is necessary. To this end, Discrete Ordinates Method (DOM) is used to solve the radiative transfer equation in order to obtain heat ux distribution through solid matrix. Moreover, for the purpose of validation, the computational results are compared with the available data obtained by other researchers for the sake of favorable consistency.
Porous burner con guration
The geometry of the problem under investigation is schematically shown in Figure 1 . The computational domain has 2 cm length and 1 cm height. The dimension of porous medium in the direction normal to the plane of paper (z-direction) is very large compared to other dimensions (x-and y-directions), so a twodimensional approximation can be used. Fuel-air mixture enters from the left side with uniform temperature, T g0 , and uniform velocity, u g . Two main zones exist in PRBs: the preheat zone and the combustion zone. Due to the solid conduction and radiation heat transfer from the reaction zone, the temperature of the solid phase in the preheat zone is higher than that of the gas phase. This makes enthalpy transfer by convection from solid to gas which results in preheating the gas ow, whereas, in the combustion region, enthalpy is transferred from gas to solid by reverse mechanism of the preheat zone.
Governing equations
Due to non-local thermal equilibrium between the solid and gas phases, separate energy equations in transient condition are considered. In addition, radiative heat transfer equation is used to nd the radiative term in the solid energy equation. The following assumptions are considered in the present simulation:
-Plug ow assumption is considered; -The solid is assumed to be a gray medium that can emit, absorb, and scatter radiation; -Gas radiation is ignored; -Scattering is assumed isotropic.
To save space, only the non-dimensional form of governing equations is presented here as follows:
Non-dimensional gas energy equation:
:
Non-dimensional solid energy equation:
where (x) is a function de ned as unity in the combustion zone and zero elsewhere. All non-dimensional parameters used in Eqs. (1) and (2) are given in the nomenclature. The convection heat transfer between the gas and solid phases couples their equations together. Therefore, it is necessary to have an appropriate relation for the convective heat transfer coe cient. To this end, the following relationship is used [14] :
where Re p is the particle-based Reynolds number which is de ned as:
The dimensionless divergence of radiative heat ux, r :Q rad , which should be calculated from the radiative transfer equation, can be written as follows:
The non-dimensional radiative transfer equation in an emitting, absorbing, and scattering medium can be written in general form as follows [15] : 
The critical issue in the solution of the radiative transfer equation for the porous burner is the calculation of the radiative properties of the medium. In this study, optical thickness and scattering albedo are considered as representatives of other properties. Optical thickness, 0 , which shows the ability of the media to absorb and emit thermal radiation, is de ned as 0 = L x , where is the extinction coe cient. In addition, optical thickness measures the attenuation of the transmitted radiant power in a material. Another important radiant property of porous materials, which can a ect the thermal behavior of PRBs, is scattering albedo, de ned as the ratio of scattering coe cient to extinction coe cient (! = s = ). In general, extinction coe cient is a function of the type of material, construction of the material, and operating temperature. The scattering albedo is a strong function of material and relatively independent of structure and temperature [16] . It should be noted that the range of the present values considered for optical thickness and scattering albedo is according to [16] .
Once the RTE with appropriate boundary conditions was solved for the computation of radiant intensities, the radiative heat ux can be calculated from:
Initial and boundary conditions
For numerical solution of the gas and solid phases, energy equations, and also the RTE, an appropriate set of initial and boundary conditions are needed. Solid and gas phases are assumed initially to be at ambient temperature as follows: g = 1 and p = 1 at t = 0:
The following boundary conditions are applied to solve the gas energy equation:
@ g @ y = P 6 ( g 1 ) at y = 0;
@ g @ y = P 6 ( g 1 ) at y = Ly :
In inlet and outlet sections of the solid phase, due to convection heat transfer between the gas and solid phases and radiation heat transfer between solid matrix and its surrounding, the following boundary conditions are used: 
In order to solve the RTE, suitable boundary conditions should be considered. It is assumed that radiant intensities, B 1 and B 2 , enter the domain from inlet and outlet sections. Therefore, the following boundary conditions are applied to the radiative transfer equation: 
Discrete ordinates method (S N approximation)
Due to the complex nature of RTE, many methods have been proposed to simplify this equation. One of the commonly used methods to solve the radiative transfer equation is the discrete ordinates method. This method is based on the discrete representation of the directional behavior of the radiative intensity. DOM transforms the equation of heat transfer into a set of simultaneous partial di erential equations.
The name S N approximation shows that N di erent direction cosines are used for each principal direction. Altogether, there are n = N(N +2) di erent directions to be considered in three-dimensional computational domain. The general form of RTE is solved for a set of n di erent directionsŝ i , i = 1; 2; :::; n [14] , such that the integrals over direction are replaced by the following relation:
where w i is the quadrature weights associated with directionsŝ i . Hence, the RTE is approximated by a set of n di erential equations as follows: 
Method of solution
In order to obtain the temperature distribution of the gas and solid phases and also the values of radiative heat uxes in the solid phase, the governing equations with related boundary conditions are solved iteratively. Because of transient behavior of the energy equations, the Alternative Direction Implicit (ADI) scheme is used to discretize these equations. In numerical analysis, the ADI scheme is an implicit nite di erence method for solving parabolic, hyperbolic, and elliptic partial di erential equations. The advantage of the ADI is that the equations, which have to be solved in each step, have a simpler structure and can be solved e ciently with the tri-diagonal matrix algorithm. The idea behind the ADI is to split the nite di erence equations into two ones: one with the x-derivative taken implicitly and other with the y-derivative. With the help of the above numerical methods, the temperature distributions in the solid and gas phases and also the values of radiant heat ux at each nodal point and time step can be computed by the following procedure:
Step 1. The initial values of temperature and radiative heat ux are considered; Step 2. The tri-diagonal matrix algorithm is applied to solve the discrete form of the gas energy equation to obtain the gas temperature distribution; Step 5. Steps 2 to 4 are repeated until convergence is obtained.
It should be noted that convergence is achieved when changes in temperature and radiative intensity between two consecutive iterations do not exceed 10 3 at each grid point. Steady-state condition is achieved when temperature changes in two consecutive time steps are less than 10 5 .
Comparison of the numerical results in the steady condition with those in the literature
In order to examine the validity of the present numerical code, the numerical results for a test case in steady condition are compared with those obtained by Talukdar et al. [8] . They analyzed a 2D rectangular porous radiant burner. In their work, the solid phase was assumed absorbing, emitting, and scattering, while the gas phase was considered transparent to radiation. They used the collapsed dimension method to solve the radiative term of solid energy equation. The nondimensional parameters of the PRB are based on the values from Talukdar et al. [8] given in Table 1 . The steady-state gas temperature distribution is shown in Figure 2 . Radiation and conduction heat transfer of Figure 2. Gas temperature distribution along PRB.
the solid phase recirculates heat from the combustion zone to the entrance zone of the porous burner; consequently, convection heat transfer with porous matrix preheats the fuel-air mixture. Due to the heat released in the combustion region, the maximum temperature of the gas phase occurs in this zone. Downstream this zone, the gas temperature decreases by converting the gas enthalpy to thermal radiation towards the outlet section. The increase in the gas temperature up to the heat generation zone is clearly seen in this gure after which the temperature decreases towards the outlet section. However, satisfactory agreement is found between the present results and those of [8] . Small discrepancy seen in downstream the combustion zone of the porous burner may be due to di erent boundary conditions used in the existing section in these studies, deteriorating the numerical results in the upstream of this section.
Results and discussion
The main purpose of this study is to analyze the transient behavior of a porous radiant burner. Optical thickness, 0 , is the potential of a medium in radiation heat transfer. The greater the optical thickness, the better the performance of the medium in radiation transfer. To illustrate this e ect, time history of the burner for two optical thicknesses is shown in Figures 3  and 4 . In both gures, by increasing time, the gas temperatures increase until reaching a steady-state condition. The heat generation zone is situated in the middle of porous layer, so the maximum values of temperatures occur in the combustion zone due to heat releasing phenomenon. In addition, it is seen in these gures that the gas phase is preheated by increasing time; this is due to the convection heat transfer with solid phase. The required time to reach a steady-state condition in case of 0 = 1, due to the dominance of radiation e ects, is less than that of 0 = 0:001. It means that radiation phenomenon caused the temperature eld to become steady in a short time period. Besides, one can nd from Figures 3 and 4 that the temperature distributions have similar patterns at each time step, and they reach steady condition during a very short time period. Gas and solid temperature distributions in the steady condition are presented in Figure 5 . In the premixed region, the solid temperature due to the radiative uxes from combustion zone is higher than the gas temperature. Due to the heat generation in the combustion zone, the gas temperature increases sharply before this domain, and the porous temperature has a similar trend due to a high rate of convection heat transfer between these two phases. In addition, it is depicted from Figure 5 that the maximum values of gas and solid temperatures occur inside the combustion zone, where there is a heat source domain inside the gas ow. Figure 6 shows the radiative heat ux distribution of the solid phase along the ow direction. The value of downstream radiative ux, Q + , at the end of solid matrix, x = 1, is called radiant output, which is a very important parameter in increasing radiant burner e ciency. The upstream radiative heat ux, Q , at the inlet of porous burner, x = 0 , is the energy loss which decreases the burner e ciency. It is desirable that this value should be very low to have more e cient PRB. The e ect of optical thickness on thermal characteristics of PRBs is studied in Figure 7 , in which the gas and solid temperature distributions along the centerline in the steady condition are plotted. These gures show that the temperature distributions are much a ected by the optical thickness so that both gas and porous temperatures decrease with an increase in 0 . This behavior can be explained by noticing this fact that the porous burner with high optical thickness can convert more gas enthalpy to thermal radiation, which causes a decrease in maximum gas temperature and an increase in radiant output. As depicted in Figure 7 , the high val- ues of gas and porous temperatures take place in porous burners with zero optical thickness in which there is not any energy conversion from gas enthalpy into thermal radiation, so that all of the thermal energy released from combustion process leads to high temperature gas ow through the burner. Accordingly, large variations of temperature with changing optical thickness from 0 to 2 are observed in Figure 7 . In addition, in the preheat zone where there is no heat generation, the e ect of optical thickness on the temperature is less in comparison to the combustion zone.
The gas and solid temperatures for di erent scattering albedos are represented in Figure 8 . This gure shows that decreasing the scattering albedo reduces the maximum temperatures of the gas and solid phases due to a decrease in the conversion of enthalpy to thermal radiation.
Porosity or void fraction, a measure of the void spaces in the porous material, is de ned as the volume of voids over the total volume. To show the e ect of this parameter, gas temperature distributions for three porosities are shown in Figure 9 . As seen in this gure, by increasing porosity which leads to a decrease in the volume of solid phase, the rate of energy conversion between gas enthalpy and thermal radiation decreases, and nally, high temperature gas ows through the burner without considerable temperature changes.
Furthermore, the performance of PRBs is usually de ned as radiant e ciency, which is the ratio of the radiant output to the total amount of energy released via the combustion process as follows [17] : In Figure 10 , the time history of the variation of radiant e ciency is presented. This gure shows zero value for the burner e ciency at the starting time; therefore, it increases rapidly with time and reaches its steady-state value. Figure 11 shows the e ect of the optical thickness on the radiant e ciency. Also, in Figure 12 , the e ect of scattering albedo on the radiant e ciency is seen. As observed in Figure 11 , the higher the optical thickness, the more the radiant e ciency. In addition, reverse phenomenon happens in case of the scattering albedo. It can be concluded that using porous layers with high optical thickness and small scattering albedo in the construction of radiant burners leads to an increase in the performance of PRBs by converting more thermal energy from gas enthalpy to thermal radiation.
Conclusions
The thermal characteristics of a porous radiant burner in the transient condition was studied numerically in this work. To this end, a 2D solid matrix in Cartesian coordinates with combustion chamber located in its middle was considered. The governing equations include the gas and solid energy equations, and the radiative transfer equation is solved by numerical method. The alternative direction implicit scheme and discrete ordinates method are used to discretize the energy equations and solve the RTE, respectively. Numerical results show that the required time to reach a steadystate condition is relatively short in porous radiant burners. This phenomenon occurs due to the nature of radiation mode whose most e ective contribution in the transferring energy is instantaneous, so that the transient time period is only as a result of the existence of conduction and convection heat transfer modes. It can be concluded that, in the analysis of such thermal systems, the duration of transient thermal behavior is not important; therefore, the investigation can be considered in a steady-state condition. In addition, ndings show that two important radiative properties on the behavior of PRBs are the optical thickness and scattering albedo. To construct radiant burners, it is better to use porous media with large optical thickness and small scattering albedo leading to PRBs with high performance. Height of porous medium (m) Nu Nusselt number, hL x =k g P 1 The ratio of solid radiation to gas conduction, T g0 3 L x =k g P 2 The ratio of gas convection to solid radiation, g c g u g =T 3 g0
Nomenclature
P 3 The ratio of convection between two phases to solid radiation, hAL x =T 3 g0 P 4 The ratio of combustion heat to solid radiation, L x _ Q=T 4 g0 P 5 The ratio of solid conduction to solid radiation, k p =T 3 g0 L x P 6 The ratio of gas convection to gas conduction at boundaries, h wg L x =k p P 7 The 
